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Electron paramagnetic resonance (EPR)Cytochrome cbb3 is a distinct member of the superfamily of respiratory heme-copper oxidases, and is
responsible for driving the respiratory chain in many pathogenic bacteria. Like the canonical heme-copper
oxidases, cytochrome cbb3 reduces oxygen to water and couples the released energy to pump protons across
the bacterial membrane. Homology modeling and recent electron paramagnetic resonance (EPR) studies on
wild type and a mutant cbb3 enzyme [V. Rauhamäki et al. J. Biol. Chem. 284 (2009) 11301-11308] have led us
to perform high-level quantum chemical calculations on the active site. These calculations bring molecular
insight into the unique hydrogen bonding between the proximal histidine ligand of heme b3 and a conserved
glutamate, and indicate that the catalytic mechanism involves redox-coupled proton transfer between these
residues. The calculated spin densities give insight in the difference in EPR spectra for the wild type and a
recently studied E383Q-mutant cbb3-enzyme. Furthermore, we show that the redox-coupled proton
movement in the proximal cavity of cbb3-enzymes contributes to the low redox potential of heme b3, and
suggest its potential implications for the high apparent oxygen afﬁnity of these enzymes.on transfer; His, histidine; Glu,
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The superfamily of heme-copper oxidases is spread across all three
domains of life, archea, bacteria and eukaryota. It comprises the aa3-,
ba3- and cbb3-type oxidases [1–3] along with other possible
subfamilies [4], and is responsible for reducing molecular oxygen to
water within the inner membrane of mitochondria and the cell
membrane of bacteria [5]. The free energy released in the reaction is
used for proton-pumping across the membrane, generating an
electrochemical proton gradient [6,7] that is further employed for
synthesis of ATP by F0F1-ATPase [8] and for active transport [9].
Cytochrome cbb3 is an interesting and distinct member of the
heme-copper oxidase superfamily, as it is the only respiratory oxidase
present in certain pathogenic bacteria such as Helicobacter pylori [10].
Understanding its mechanism and the differences from its eukaryoticcounterparts is therefore of medical relevance. Cytochrome cbb3 is
found in proteobacteria growing at low oxygen concentrations [11]; it
has a higher apparent afﬁnity for oxygen (KM∼7 nM) as compared to
the aa3-type oxidases (KM∼0.1 μM). Although many critical differ-
ences exist, e.g. there is low sequence identity (ca. 20%) between the
catalytic subunits of the cbb3 and the heme-copper oxidases of aa3-
and ba3-type, the catalyzed reaction is basically the same [7,12–14].
In the absence of high resolution X-ray structures, many
mechanistic questions concerning cbb3-oxidases have remained
elusive. Recent modeling [3,13,15,16] and experimental studies [15–
19] have provided insight on possible important structural elements.
The catalytic subunit CcoN comprises the active site of oxygen
reduction, a binuclear high-spin heme b3/CuB site (Fig. 1). It was found
that the functionally critical histidine-tyrosine crosslink of the active
site in the aa3- and ba3-type oxidases [14,20–25], is also present in the
cbb3-oxidases although the tyrosine derives from a different trans-
membrane helix [17,19]. As in all heme-copper oxidases, the catalytic
subunit contains a low-spin heme, which serves as the immediate
electron donor for the binuclear site. In addition, the enzyme contains
three c-type heme groups in the hydrophilic part of the enzyme [26].
The redox properties of the metal centers in different subunits of the
enzyme from different organisms have been discussed [27,28],
highlighting the distinct behavior of this subfamily. For example, it
was shown that the cbb3-enzyme comprises three low-spin six-
coordinated c-type hemes in the non-catalytic subunit and that the
redox potentials of the b-type hemes differ from the analogous redox
potentials in the aa3-type oxidases [28]. Based on homologymodeling
Fig. 1. Homology model of the catalytic subunit N and the active site of the cbb3-type cytochrome c oxidase from R. sphaeroides. Subunit N is shown to the left as a yellow ribbon
representation, and its active site to the right. Low-spin heme b and high-spin heme b3 are shown in purple (right), with polar (green) and basic (blue) critical amino acid residues
surrounding the latter site. The copper atom of CuB is shown as an orange sphere. The ﬁgure was prepared with VMD [69].
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catalytic subunit N have also been proposed [3,16], suggesting both
similarities and differences compared to the canonical oxidases.
Recently, Rauhamäki et al. [18] presented thermodynamic and
spectroscopic properties of the redox centers in cytochrome cbb3 from
R. sphaeroides. Interestingly, it was found that the proximal histidine
(C: H405) of the active site heme b3 most probably forms a hydrogen
bond to a conserved glutamate (C:E383) in helix 9 of subunit N. Such
histidine-glutamate/aspartate structural motifs are commonly found
in a variety of enzymes including peroxidases [29], mutases [30] and
other vitamin B12-enzymes [31]. This motif has been shown to
modulate substrate binding, catalytic activity, redox potentials as
well as the metal coordination [32,33]. Among the heme-copper oxi-
dase superfamily this interaction is unique for the cbb3-type enzymes
and could in principle contribute to the redox potential and oxygen
binding characteristics of the enzyme. It was further shown by
Rauhamäki et al. that mutation of this glutamic acid (C:E383) to a
glutamine alters the high-spin ferric-heme EPR signal from rhombic
towards axial, supporting the interaction between the proximal
histidine and the glutamic acid (C:H405 and C:E383). Moreover, it
was shown for the ﬁrst time that heme b3 in the oxygen-binding site of
cytochrome cbb3 has a very low redox potential [18], which is another
contrast to the case in the canonical heme-copper oxidases. Under-
standing the implications of the histidine-glutamate interaction is of
high importance, not only for cbb3-oxidases, but alsomore generally to
all enzymes where such an interaction is found. Therefore, to gain
further molecular understanding of these results, we have studied
model systems of the active site of both the wild type and the E383Q-
mutant cytochrome cbb3 by high-level quantum chemical calcula-
tions. Our results provide a molecular basis for the EPR results, and
indicate that they can be explained in terms of a redox-dependent
proton movement between the proximal histidine ligand and the
glutamate. However, it is important to clarify that this redox-coupled
proton movement takes place in the proximal heme cavity at a much
shorter length scale than the proton-coupled electron transfer process
which is involved in oxygen reduction chemistry and proton-
pumping. We also show that the low redox potential of heme b3 can
be explained in the framework of this redox-coupled proton transfer.2. Models and Methods
Small (S) and large (L) active site model systems of “wild type”
(BE) and mutant (C: E383Q) cbb3-oxidase (BQ), and “wild type” aa3-
oxidase (A), were constructed from the crystal structure of cyto-
chrome c oxidase from Paracoccus denitriﬁcans (PDB code: 1QLE) [34].
The small systems comprised an unsubstituted iron-porphyrin ring,
the proximal histidine (His) ligand, and its hydrogen bonding partner,
Glu, or Gln for model systems BE or BQ, respectively. These small
model systems are called BES, BQS and AS. The large model systems
included critical amino acid residues and cofactors present in the
active site: the high-spin heme (heme a3 or b3), the copper center CuB
and their ligands (A:H411/C:H405, A:H325/C:H317, A:H326/C:H318,
A:H276/C:H267), the histidine-tyrosine link (A:Y280/C:Y311), heme
propionates (A and D) and their immediate hydrogen bonding
partners (A:W164/C:Y181, A:R473/C:R471, A:H403/C:H397, A:D399/
C:N393). The large model systems for the cbb3-enzyme (BEL and BQ L)
were constructed based on the crystal structureof cytochrome coxidase
from Paracoccus denitriﬁcans by in silico mutating residues (A:
W164→C:Y181 and A:D399→C:N383) according to the homology
model of cbb3-oxidase [13]. Coordinates for the crucial tyrosine (C:
Y311) were transferred from the cbb3-homology model, due to a
different side-chain orientation as compared to the aa3-enzyme [13].
The histidineandglutamate interaction (C:H405↔C:E383),whichwas
not present in the homology models, was modeled by mutating A:
T389→C:E/Q383. The models were reﬁned by a molecular mechanics
minimization with the CHARMM 27 force ﬁeld [35] and our in-house
parameterization of the metal sites [36]. Only the altered amino acid
residues were allowed to move, while keeping the rest of the system
ﬁxed during minimization, which was performed with the NAMD
package [37]. The large model systems are called BEL, BQL, and AL.
Amino acids in model systems BES, BQS and AS, and BEL, BQL and AL
were cut off at their Cα- and Cβ-carbon, respectively, which were kept
ﬁxed during the quantum chemical structure optimization. All struc-
tures were optimized for the ferric (FeIII) and ferrous (FeII) high-spin
states with CuB in its cuprous form (CuI), using the BP86 functional
[38,39], the multipole-accelerated resolution of identity approximation
(MARIJ-RI) [40], and the def2-SVP basis set [41] on all atoms except for
Table 1
Total number of atoms, charge and spin of the model systems in different oxidations
states of iron (III and II).
Total atoms q s
AS-II 52 0 4/2
AS-III 52 1 5/2
BES-II 65 -1 4/2
BES-III 65 0 5/2
BQS-II 67 0 4/2
BQS-III 67 1 5/2
AL-II 200 1 4/2
AL-III 200 2 5/2
BEL-II 209 0 4/2
BEL-III 209 1 5/2
BQL-II 211 1 4/2
BQL-III 211 2 5/2
Table 2
Geometrical data for optimized small (AS, BES and BQS) and large (AL, BEL and BQL)
model systems in different oxidation states of iron (II and III).
aFe-NεHis bNp-Fe-Np cH-NδHis dH-OεGlu/Gln
AS-II 2.15 164.07 1.02 -
AS-III 2.09 158.39 1.02 -
BES-II 2.08 160.01 1.19 1.34
BES-III 1.99 154.61 1.62 1.04
BQS-II 2.13 163.38 1.04 1.82
BQS-III 2.07 157.44 1.05 1.70
AL-II 2.15 163.99 1.02 -
AL-III 2.10 158.28 1.02 -
BEL-II 2.06 159.09 1.41 1.13
BEL-III 1.99 156.14 1.61 1.04
BQL-II 2.13 164.03 1.04 1.74
BQL-III 2.08 158.97 1.05 1.68
a Distance (in Å) between iron and ε-nitrogen of histidine.
b Average of two bond angles in ° (formed by two diagonally opposite nitrogens and
Fe of porphyrin).
c Distance between shared proton H and N of histidine (in Å).
d Distance between shared proton H and O of glutamate/glutamine (in Å).
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TheBP86 functionalwas chosen for the geometry optimizationdue to its
faster performance as compared to hybrid functionals, and its general
good performance in describing the structure of metal complexes [43].
Single point calculations were performed using the B3LYP functional
[44,45], due to its high accuracy indescribing relative energies [46],with
a large def2-TZVP basis set on all atoms. The effect of the proteinFig. 2. Optimized geometries of large model systems a) AL, b) BEL, and c) BQL. Amino acid re
VMD [69].environment was described by the COSMO model [47] with the
dielectric constant set to 4. Redox potentials were evaluated from the
energy difference of the fully optimized oxidized and reduced states,
and subtracting the energy of the standard hydrogen electrode of
4.43 eV [48]. Although explicit calculation of EPR spectra from quantum
chemical simulations is possible, it is computationally very demanding
[49,50]. Therefore, we have concentrated on analyzing the spin
distribution, a property which is closely related to the g-tensors
measured in EPR experiments [49–51].
Table 1 lists the total number of atoms, charge and spin of the
systems studied. All calculations were performed using TURBOMOLE
v. 5.10 and 6.0 [52].3. Results and Discussion
3.1. Geometrical analysis
Table 2 and Fig. 2 show the geometrical properties of the optimized
systems. A redox-state coupled proton transfer is observed between the
histidine (C:H405, called histidine from here onwards) and the
glutamate (C:E383, called glutamate from here onwards) in both the
small and large models of wild type cbb3 oxidase (model BE). In
the oxidized state of the heme, the proton is located on the glutamate (d
(H-OGlu)=1.04 Å, d(H-NHis)=1.62 Å), and moves towards the proxi-
mal histidine (d(H-OGlu)=1.34 Å, d(H-NHis)=1.19 Å) upon reduction
(Figs. 3, and 4, models BES, and BEL). This effect is more pronounced in
the small system, but is clearly observed also in the large system
(Table 2). Such a redox assisted proton movement is not observed in
small or large model system BQ, where glutamine replaces glutamate.
Further comparison of the geometric properties shows that the BE
models (cbb3 models with Glu) behave differently from models BQ
(cbb3 models with Gln) and A (aa3 models). The bond between the
proximal histidine and the heme iron (Fe-NεHis) is 0.05 - 0.11 Å
shorter in model BE as compared to models A and BQ , in both the
reduced and oxidized states (Table 2). This can also been seen as a ∼4°
shortening of the angle between the iron and the porphyrin nitrogen
atoms (Np-Fe-Np). These effects are observed in both the small and
the larger systems, but are slightlymore pronounced in the latter. This
suggests that iron is more strongly pulled out of the porphyrin plane
when a strong hydrogen bonding partner is present (i.e. glutamate in
model BE), as compared to hydrogen bonding to a glutamine (model
BQ). Similar out-of-plane bending of the porphyrin ring is also insidue side chains are shown, along with polar hydrogens. The ﬁgure was prepared with
Fig. 3. Spin densities in the three small model systems in oxidized (left) and reduced (right) state; AS (a, b), BES (c, d) and BQS (e, f), obtained at B3LYP/def2-TZVP level of theory. The
spin density is plotted using an isocontour surfaces of +0.001e (blue) and -0.001e (red) with gOpenMol [70].
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heme models [53,54].
The stronger hydrogen bond in model BE as compared to model
BQ , has a direct effect on the geometry of the heme and could
potentially also have an effect on its interaction with a sixth ligand of
heme iron, dioxygen in particular.
Also, in a recent study on the cytochrome c peroxidase (CcP)
enzyme by Heimdal et al., it was found that the proton prefers to
reside on the aspartate in the resting and cyanide bound states at the
QM[B3LYP/6-311+G(2d,2p)]/MM level of theory [55]. This is
consistent with our current oxidized cbb3 model system with the
deprotonated histidine along with the NMR experiments, which have
suggested that the proximal histidine is deprotonated in the cyanide
bound enzyme [56].
3.2. Analysis of spin and charge densities
Spin densities and Merz-Kollman charges are shown in Table 3.
The largest difference in the spin densities between models AS, BESand BQS are observed in the proximal histidine ligand and in the
porphyrin ring in the oxidized state. In the BESmodel the spin density
on histidine is higher than in models BQS and AS (Fig. 3 and Table 3).
Consequently, this leads to lowering of the spin density on the
porphyrin ring in the BES model relative to models AS and BQS, an
effect which is also observed in the large model systems AL, BEL and
BQL (Fig. 4 and Table 3). When the position of the proton is
constrained to reside on the histidine in the oxidized state in model
BESC2, it leads to transfer of spin density from the proximal histidine to
the porphyrin ring, and an overall spin distribution resembling the
BQS system (Table 3). This effect is also observed by numerical
integration of the spin density around the histidine (Fig. 5); upon
constraining the position of the proton to histidine in the oxidized BES
model, the integrated spin density shows a similar proﬁle as observed
for model BQS (Fig. 5 and Table 3), suggesting that the position of the
proton affects the spin distribution.
The spin density distribution varies less among the reduced model
systems A, BE and BQ , with an even smaller variation in the large
systems (Table 3 and Figs. 3 and 4). This is not surprising since the
Fig. 4. Spin densities in the three large model systems in oxidized (left) and reduced (right) state; AL (a, b), BEL (c, d) and BQL (e, f), obtained at B3LYP/def2-TZVP level of theory. The
spin density is plotted using isocontour surfaces of +0.001e (blue) and -0.001e (red) with gOpenMol [70].
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systems, making them structurally similar. The same trend is also
observed from direct integration of the spin densities around the
histidine (Fig. 5).The Merz-Kollman charges presented in Table 3 show that the
histidine in system BES, has a negative charge in the oxidized state, in
contrast to systems AS and BQS. This is also observed for the large
systems AL, BEL and BQL, suggesting consistency among the
Table 3
Merz-Kollman charges and Mulliken spin densities for the models AS, BES and BQS, and
AL, BEL and BQL in different oxidation states of iron (II and III).
Fe Porf/heme His Glu/Gln
Merz-Kollman charges
AS-II 0.08 -0.40 0.32 -
AS-III -0.01 0.51 0.51 -
BES-II 0.16 -0.61 0.24 -0.78
BES-III 0.16 0.09 -0.12 -0.13
BQS-II 0.10 -0.45 0.27 0.08
BQS-III 0.03 0.43 0.44 0.11
AL-II 0.34 -2.09 0.31 -
AL-III 0.27 -1.37 0.50 -
BEL-II 0.41 -2.17 0.09 -0.65
BEL-III 0.44 -1.53 -0.17 -0.16
BQL-II 0.44 -2.12 0.26 0.04
BQL-III 0.37 -1.36 0.42 0.06
Spin densities
AS-II 3.92 0.11 0.03
AS-III 4.24 0.61 0.09
BES-II 3.83 0.11 0.05
BES-III 4.23 0.48 0.23
BQS-II 3.84 0.10 0.03
BQS-III 4.24 0.60 0.11
aBESC1-II 3.74 0.07 0.05
bBESC2-III 4.23 0.55 0.15
AL-II 3.77 0.11 0.03
AL-III 4.23 0.61 0.09
BEL-II 3.74 0.09 0.05
BEL-III 4.22 0.48 0.22
BQ L-II 3.77 0.12 0.04
BQ L-III 4.23 0.61 0.10
a C1: Proton constrained on glutamate (Oε-H = 1.04 Å).
b C2: Proton constrained on histidine (Nδ-H = 1.19 Å).
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histidine and glutamate in models BEL/S also has a profound effect on
the calculated charges. Due to the protonmovement, the charge of theFig. 5. Numerical integration of the spin density in different systems; oxidized BQS (BQ-III, re
reduced BES (BE-II, purple dotted line), reduced BESC1 with proton constrained to reside on th
reside on the His (BE-III HisH, black dotted line). The integration mid-point was taken as the
approximately at a radius of 5.5 a.u. If the proton is constrained to reside on the histidine in the
similar to the oxidized BQS system (BQ-III, red full line).glutamate decreases whereas the charge of the histidine increases
upon reduction. We conclude that geometrical properties as well as
spin and charge densities indicate that the BE system behaves quite
differently from systems A and BQ.
To understand how the proton transfer affects the electronic
structure of the heme, the frontier orbitals of reduced and oxidized
iron-porphyrin with imidazole and imidazolate proximal ligands were
analyzed (Fig. 6). The energy gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) is an indicator of the chemical inertness of the system [57]. The
HOMO-LUMO energy gap of the oxidized state is +0.2 eV higher in the
imidazolate form (+2.2 eV) as compared to the imidazole form
(+2.0 eV). However, in the reduced state, the HOMO-LUMO gap of
the imidazole form is 0.4 eV higher (+2.2 eV) than for the imidazolate
form (+1.8 eV). In the oxidized imidazole form, the LUMO orbital
consist mainly of dxz or dyz iron orbitals, which accept the electron upon
reduction and become the HOMO orbitals of the reduced state. The
LUMO orbital of the imidazolate form similarly consists of the iron dxz or
dyz orbital, whereas the HOMO orbital of the reduced imidazolate
comprises an iron dx2-y2 or dxy orbital. This orbital is in fact the LUMO+2
of the oxidized imidazolate system and nearly degenerate with the
LUMO orbital, i.e. only +0.02 eV higher in energy, whereas in the
imidazole form, this orbital is +0.16 eV higher in energy. These
observations are in accordance with a recent experimental study
[58,59], where itwas shown that electron delocalization depends on the
protonation state of the proximal histidine: in the imidazole form it was
suggested that an incoming electron delocalizes to the dxz or dyz orbital,
whereas in the imidazolate form the incoming electron delocalizes to
the dxy or dx2-y2 orbital.
3.3. EPR signals and spin density
The EPR spectrum of the high spin ferric heme of the C:E383Q
mutant has axial symmetry, whereas a more rhombic EPR signal is
observed in the wild type enzyme [18], which suggests that the two
systems should show a clear difference in spin distribution. Thed full line), oxidized BES (BE-III, green dotted line), reduced BQS (BQ-II, blue dotted line),
e Glu (BE-II GluH, light blue dotted line), and oxidized BESC2 with proton constrained to
middle of the proximal histidine, integrating radially outwards. The heme iron is located
oxidizedBE state (BE-III HisH, black dotted line), the spin density distribution getsmore
Fig. 6. Analysis of frontier orbitals at B3LYP/def2-TZVP level of theory. The ﬁgure shows the frontier orbitals of the reduced (right) and oxidized (left), imidazole (above) and
imidazolate (below) states, respectively. The HOMO-LUMO energy gaps are given in eV. gOpenMol [70] was used for visualization.
Table 4
Comparison of spin densities calculated from different functional in twomodel systems
BES and BQS in two different oxidation states of iron (II and III).
System Fe Porf His
BQSII
BP86 3.88 0.04 0.05
TPSS 3.87 0.03 0.04
B3LYP 3.84 0.10 0.03
BHLYP 3.85 0.10 0.02
BESII
BP86 3.88 0.02 0.07
TPSS 3.87 0.07 0.05
B3LYP 3.83 0.11 0.05
BHLYP 3.85 0.12 0.02
BQSIII
BP86 4.17 0.70 0.12
TPSS 4.20 0.67 0.11
B3LYP 4.24 0.60 0.11
BHLYP 4.43 0.44 0.08
BESIII
BP86 4.14 0.52 0.27
TPSS 4.17 0.50 0.26
B3LYP 4.23 0.48 0.23
BHLYP 4.41 0.42 0.15
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compared to model BE in the oxidized state, correlates very well with
these experimental observations (Table 3 and Figs. 3–5). As discussed
in the previous section (Section 3.2) and in further detail below, the
spin density difference can be attributed to the position of the
imidazole proton in the two model systems.
A larger and more symmetric spin density distribution is observed
on the porphyrin moiety in the BQ system, as compared to model BE.
This difference is expected to give rise to an axially symmetric g-
tensor in the former case and a rhombic g-tensor in the latter, in
agreement with the experimental results. Constraining the position of
the proton to the histidine in the oxidized BES model (model BESC2)
results in a spin density distribution similar to the one observed in the
oxidized BQS system (Fig. 5 and Table 3). This suggests that the
location of the proton gives rise to the differences in spin distribution,
and therefore also to the observed EPR signals in the wild-type and
mutant cbb3 enzymes.
It has been observed that the B3LYP functional sometimes
overestimates the spin [51]. However, comparison of four different
functionals shown in Table 4, gives overall a similar picture of the spin
distribution changes of the proximal histidine and porphyrin in the
oxidized and reduced state for systems BES and BQS. As the four
functionals, particularly the hybrid functionals with different amounts
of exact exchange are in agreement with each other, the current result
can be considered reliable [60].
3.4. Redox-coupled proton transfer
The redox-coupled proton transfer observed for heme b3 in
cytochrome cbb3 is unique among the heme-copper oxidases and
may be expected to be functionally important. As discussed above
(Section 3.2), this proton transfer affects the spin and chargedistributions of the system. In order to further test the energetics of
the position of the proton in the oxidized and reduced states, two
additional systemswere studied. Either, the protonwas constrained to
the glutamate in the reduced state (BESC1), or to the histidine in the
oxidized state (BESC2).We found that theprotonprefers to reside on the
histidine by 1.9 kcal/mol in the reduced state, but that it prefers the
glutamate by 2.8 kcal/mol in the oxidized state. This trend seems to be
independent of the chosen DFT functional (Supplementary Table S1).
The sum of these energies (4.7 kcal/mol, or 204 mV) is then the
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ﬁxed on the histidine (higher Em,7) and that with the proton ﬁxed on
the glutamate (lower Em,7). From the measured Em,7 of -59 mV [18]
and the aforementioned energies, it follows that the Em,7 values for
these two extreme redox couples are about +63 and -141 mV. As
expected, the Em,7 is lowerwhen the protonhas been transferred to the
glutamate since then the histidine ligand attainsmore negative charge.
It seems clear that the negative charge of the glutamate lowers the
Em,7 of heme b3, although this cannot be the only reason for the low
redox potential since abolishing the charge in the C:E383Q mutant
raises the potential by only some 60 mV [18]. Quantum chemical
calculation of redox potentials strongly depend on the environment
[61,62]. For larger systems it is therefore challenging to obtain
quantitative agreement with experiments. Nevertheless, the data
suggest that if the negatively charged glutamate in the proximal heme
pocket were not able to accept a proton from the histidine ligand, the
Em,7 of the heme would be about +63 mV, or some 122 mV more
positive than observed in wild type cbb3. Therefore, not only the
negative charge but also the positioning of the glutamate to allow
hydrogen-bonding and actual proton transfer away from the proximal
histidine is an important contributor to the low redox potential. A
similar scenario for the low redox-potential of the protoheme in CcP
has been attributed to the histidine ligand-aspartate pair in that
system [32].
This brings us to the mechanistic role of the redox-coupled proton
transfer. Could it be related to the much higher apparent afﬁnity for
oxygen than in the other heme-copper oxidases [11]? Here it should
be recalled that in the canonical heme-copper oxidases the KM for
oxygen is determined by kinetic rather than by thermodynamic
factors, and that oxygen binding to the active site heme is actually
quite poor [63–65]. Blomberg et al. showed by quantum chemical
studies that a peroxide species (OOH-) is a possible intermediate in
the oxygen splitting reaction [66,67], and such an intermediate had
been postulated previously on the basis of kinetic evidence [64]. Our
results suggest that the more positive charge on iron in the BESmodel
(+0.16e) as compared to the AS and BQS models (-0.01e − +0.1e)
could help to stabilize a negatively charged peroxy intermediate.
Since such stabilization would be expected to accelerate the scission
of the O-O bond [64] it might help to lower the Michaelis constant
[63,65].
The very low redox-potential of heme b3 in the binuclear site of
cbb3 is a unique feature among the heme-copper oxidases [18], and
may have important functional consequences. Since the redox
potential of heme b (and CuB) is much higher, the binding of O2 to
reduced heme b3 will in nearly all cases occur under conditions where
heme b is also reduced. Therefore, splitting of the O-O bond is
expected to result in formation of the PR state in which the fourth
electron required derives from heme b. In contrast, in the steady state
of the aa3-type oxidases the PM state is the most likely product of O-O
bond scission, where the fourth electron most probably derives from
the cross-linked tyrosine in the active site. From this follows that the
cross-linked C:Y311 in cbb3-oxidase may only donate a proton for
oxygen splitting, in contrast to the aa3-type oxidases where this
residue (A:Y280) very likely also serves as the source of the fourth
electron. The cross-link would still be functionally important in the
cbb3-enzyme since it decreases the proton afﬁnity of the Tyr
[14,24,25]. Experimentally, the A→PR transition takes place in ca.
25 μs, whilst A→PM is almost 10-fold slower [5], so the preference for
the former pathway in cytochrome cbb3 could contribute to the low
KM for O2 [63,65].
It is commonly assumed, that the His-Tyr cross-link is formed
auto-catalytically during the ﬁrst turnover of the enzyme when the
tyrosine is in a neutral radical state. However, if Tyr-311 serves only as
a proton donor in the cbb3-enzyme, the question arises as to how the
cross-link is formed in the ﬁrst place. Answering this question is not
feasible without exact mechanistic understanding. If our hypothesison the role of Tyr-311 is correct, it clearly implies further restrictions
on the mechanism of cross-linking.
By analogy to the oxygen splitting reaction in the cytochrome c
oxidases, the initial reaction step of CcP may also involve a negatively
charged peroxide intermediate, which might be stabilized by the
higher iron charge and an analogous redox-coupled proton transfer
between histidine and aspartate [29]. The CcP enzyme consists of a
functionally critical hydrogen-bonded system on the proximal side of
the heme; a histidine-aspartate-tryptophan triad [29,68]. Based on
molecular simulation on the homology model of the cbb3-enzyme
from R. sphaeroides, we observe a similar hydrogen-bonded triad in
the proximal site, consisting of histidine, glutamate and tryptophan
(C:H405, C:E383 and C:W401, respectively). Interestingly, there
indeed seems to be a conserved tryptophan in this triad also in the
cbb3 oxidases. Its possible role in catalysis is presently unclear, but it
may help to stabilize the glutamate anion by hydrogen-bonding.
4. Conclusions
We have shown here by density functional calculations that the
EPR signal in the C: E383Q mutant of cytochrome cbb3 can be
explained in terms of different spin densities relative to the wild type
enzyme. A rhombic EPR signal arises in the wild type cbb3 oxidase
system due to a higher spin density on the proximal histidine ligand,
as compared to the mutant enzyme. In the C: E383Q variant the spin
density is distributed symmetrically on the porphyrin, which gives
rise to an axially symmetric EPR signal analogous to the one in the
canonical oxidases. The difference in spin distribution can be
explained by a redox-coupled proton transfer between the proximal
histidine and the glutamate; in the reduced state the proton prefers to
reside on the histidine, whereas in the oxidized state the proton is
transferred to the glutamate. Constraining the proton to reside on the
proximal histidine in both reduced and oxidized states resulted in a
spin distribution similar to the one observed in the Gln-mutant,
where proton transfer is suppressed. The redox-linked proton transfer
from the proximal histidine ligand to the glutamate helps to lower the
redox potential of heme b3, and may contribute to the exceedingly
low KM for O2 in the cbb3 enzymes.
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